Anti-DNA antibodies (Abs) 4 are naturally present in healthy humans, but are preferentially found in patients with autoimmune diseases, particularly systemic lupus erythematosus and multiple sclerosis (1, 2) . Naturally occurring anti-DNA Abs generally do not exhibit sequence specificities (1, 2) . Instead, they can be classified as specific for singlestranded (ss) DNA (3) (4) (5) , double-stranded (ds) DNA (6, 7), or both ssDNA and dsDNA (5, 8) with a preference for certain DNA sequences, such as poly(dT) or poly(dG-dC) sequences (1, 2) . Recently natural anti-DNA Abs have been reported showing sequence specificity for ssDNA (9, 10) or dsDNA (11) . However, only a few studies characterized detailed binding kinetics and specificities of anti-DNA Abs (5, 12, 13) .
Since Shuster et al. (14) reported that some autoantibodies derived from patients with systemic lupus erythematosus possessed DNA nicking activities, some anti-DNA Abs from many autoimmune and viral diseases have also shown DNA and/or RNA hydrolyzing catalytic activities (15, 16) . The origin of DNA-hydrolyzing catalytic Abs, so called "DNA-abzymes," mainly belonging to immunoglobulin M (IgM) or G (IgG) class, have been proposed to be anti-idiotypic Abs to active sites of nucleases, Abs produced against DNA or nucleoprotein complexes, and/or Abs existing in germ line cells even before somatic mutations (15) (16) (17) (18) . A number of polyclonal DNA-abzymes have been described, but the detailed biochemical and structural basis of catalytic mechanisms of monoclonal Abs (mAbs) have not been extensively characterized (1, 2, 15 ). An exception is BV04-01, which binds to and hydrolyzes both ss-and dsDNA with preferential cleavages for T-rich ssDNA and CG-rich dsDNA (8) . In addition to intact IgG, IgM, and IgA Abs, their fragments of Fab, scFv, and/or light chains have been attributed to DNase activities (15, 18 -20) . However, no studies have been reported for single variable domain Abs of heavy chain (VH) and light chain (VL) with DNase activities.
Previously we have isolated an anti-DNA mAb 3D8 from the spleen cells of the MRL-lpr/lpr mouse, which spontaneously develops an autoimmune syndrome that resembles human systemic lupus erythematosus (21) . In the present study, we aim to characterize DNA binding kinetics and hydrolyzing activities of 3D8 scFv, VH, and VL proteins in detail using supercoiled plasmids and various synthetic ss-and ds-oligodeoxynucleotides as substrates. We found that 3D8 scFv, VH, and VL bound to and hydrolyzed both ss-and dsDNAs in the presence of Mg 2ϩ without significant sequence specificities. Furthermore, we determined the crystal structure of 3D8 scFv and performed site-directed mutagenesis studies based on the structural information to gain some insights into catalytic mechanism(s) of the proteins.
EXPERIMENTAL PROCEDURES
Materials-Restriction enzymes, T4 DNA ligase, and high fidelity DNA polymerase were purchased from New England Biolabs. All other chemicals and solvents used were of analytical grade. The following 40-bp oligodeoxynucleotides were synthesized from Genotech (Seoul, Korea) in unlabeled and labeled (5Ј-digoxigenin and/or 3Ј-biotin) forms: ss-(dT) 40 , ss-(dA) 40 , ss-(dG-dC) 20 , ss-(dC-dG) 20 , ss-(dN) 40 (n ϭ 5Ј-CCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAA-C-3Ј) and ss-(dNЈ) 40 (NЈ ϭ the reverse complementary sequence of N). dsDNAs were generated by annealing equimolar amounts of the labeled and its unlabeled reverse complementary ssDNAs in water at 65°C for 5 min, cooling to 20°C at a rate of 2°C/min, and then chilling on ice (22) . The preparation of dsDNAs was confirmed by hypochromicity at 260 nm (22) .
Plasmid Constructions-The 3D8 scFv gene was derived from the hybridoma cell line producing mAb 3D8 IgG, originating from an autoimmune-prone MRL-lpr/lpr mouse (21) . The VH (NCBI accession number AAF79128) and VL (NCBI accession number AAF79129) genes were cloned into the pGEM-T Easy vector (Promega Corp.), then subcloned into the bacterial expression vector pIg20 (23) , resulting in pIg20-3D8 scFv. This vector encodes a (G 4 S) 3 flexible linker between the VH and VL sequences (VH-(G 4 S) 3 -VL), a thrombin cleavage site followed by the Staphylococcal protein A (SPA) tag at the C terminus, and a N-terminal bacterial alkaline phosphatase signal peptide for targeting protein expression to the periplasm under control of the T7 promoter. Each gene of the VH and VL single domains was also subcloned into the pIg20, generating pIg20-VH and pIg20-VL, respectively. The constructs were confirmed by sequencing and transformed into Escherichia coli BL21(DE3) pLysE cells (Novagen).
Bacterial Expression and Purification of the Proteins-The transformed cells were grown at 37°C to an A 600 of ϳ0.8 in 1-liter of LuriaBertani medium containing 100 g/ml ampicillin and 20 g/ml chloramphenicol, and then induced for 16 h at 30°C by adding 0.5 mM isopropyl 1-thio-␤-D-galactopyranoside. The induced cells were harvested and the fusion proteins of 3D8 scFv-SPA, VH-SPA, and VL-SPA were purified from the culture supernatant with an IgG-Sepharose TM affinity column (Amersham Biosciences), as described (21, 23) . The SPA tag was removed from the fusion proteins by thrombin cleavage and then the cleaved proteins of scFv, VH, and VL were further purified using the IgG-Sepharose TM column as described (21, 24) . Proteins were Ͼ99% pure as judged by Coomassie Blue-stained SDS-PAGE (Fig. 1) . Protein concentrations were determined using extinction coefficients of 1.995 for scFv, 2.325 for VH, and 1.674 for VL in units of mg ml Ϫ1 cm
Ϫ1
at 280 nm, which were calculated from the respective amino acid sequence.
Size Exclusion Chromatography (SEC) Analyses of Proteins-SEC analyses for the purified 3D8 scFv, VH, VL, and Fv (non-covalently associated form of VH and VL) were performed on a Agilent 1100 high performance liquid chromatography system using a TSK G3000SW XL size exclusion column (7.8 ϫ 300 mm, TosoHaas, Japan), with a mobile phase of 50 mM sodium phosphate, pH 7.4, plus 150 mM NaCl at a flow rate of 0.7 ml/min. Chromatograms were obtained by monitoring absorbance at 280 nm. The injection amount ranged between 5 and 20 M of proteins in a volume of 20 l. A set of molecular mass standard markers (Sigma) ranging from 13.7 to 66 kDa was used.
DNA Binding Assay by Enzyme-linked Immunosorbent Assay (ELISA)-Ninety six-well polystyrene microtiter plates (Nunc, Invitrogen Ltd.) were coated with 100 l of oligodeoxynucleotide substrates at 10 g/ml in 50 mM Tris-Cl, pH 7.5, 50 mM NaCl ("TBS") for 1 h at 37°C, and washed (3 times) with TBS containing 0.05% Tween 20 ("TBST"), then blocked with TBS containing 3% (w/v) bovine serum albumin (BSA) (Sigma) for 1 h at 37°C (5, 22) . Then, proteins (100 l of 20 g/ml) were added and incubated for 1 h at 37°C. After washing the wells with TBST, the wells were incubated with rabbit IgG (100 l of 1 g/ml) (Pierce Biotechnology) and then with alkaline phosphatase-conjugated goat anti-rabbit IgG antibody (100 l of 1:10,000 dilution) (Pierce). Each incubation step was performed for 1 h at 25°C, followed by washing (3 times) with TBST. Finally, p-nitrophenyl phosphate (Sigma) solution (1 mg/ml in 0.1 M glycine, 1 mM ZnCl 2 , and 1 mM MgCl 2 , pH 10.3) was added to each well and absorbance was read at 405 nm in a microplate reader. To investigate effects of ionic strength on the binding activities of proteins, proteins were incubated on the substrate-coated wells in 50 mM Tris-Cl, pH 7.5, containing various concentrations of NaCl (0 -0.8 M) for 1 h at 37°C.
Surface Plasmon Resonance (SPR) Assays-Kinetic measurements of protein-protein interactions were performed at 25°C using a Biacore 2000 SPR biosensor (Amersham Biosciences). The measured SPR values are expressed in arbitrary response units. For measurements of proteinprotein interactions, ϳ0.5-1.0 mg/ml of proteins in a coupling buffer (10 mM sodium acetate buffer, pH 4.0) were immobilized onto the carboxymethylated dextran surface of a CM5 sensor chip at a level of 800 -1000 response units by an amine coupling method according to the manufacturer's instructions (25) . A reference surface was generated simultaneously under the same conditions, and BSA (100 M) was injected as a control to correct for instrument and buffer artifacts. Each protein prepared in concentrations from 5 nM to 20 M by serial dilutions with PBS buffer (50 mM sodium phosphate, pH 7.2, plus 100 mM NaCl) was injected into the flow cells (association phase), which was followed by PBS buffer (dissociation phase), both at a flow rate of 30 l/min. The sensor surface was regenerated between assays by injecting 30 l of a wash buffer containing 50 mM NaOH and 25 mM NaCl, to remove bound proteins (25) .
For measurements of protein-DNA interactions, the following 3Ј-biotin-labeled ss-and dsDNAs were used as substrates: ss-(dT) 40 , ds-(dT: dA) 40 , ss-(dG-dC) 20 , ds-(dG-dC:dC-dG) 20 , ss-(dN) 40 , and ds-(dN: dNЈ) 40 . To immobilize the substrates to the streptavidin-coated sensor chip SA (Amersham Biosciences) (5, 13), 0.1 M substrate in HES buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, and 0.005% surfactant P20) was injected at a rate of 5 l/min over each flow cell, resulting in immobilized levels of 700 -1000 response units. 3D8 scFv (5-200 nM), VH (0.2-50 M), and VL (1.6 -200 M) prepared by serial dilutions with HES were injected over the flow cells at 50 l/min for 3 min, followed by a constant flow of HES buffer at 50 l/min for 3 min to observe dissociation of bound proteins. BSA (100 M) and monoclonal anti-c-Myc 9e10 antibody (100 M) (Sigma) were used as negative controls. At the end of each cycle, bound proteins were removed by injection of 50 mM NaOH containing 1 M NaCl for 60 s each to regenerate the chip. Comparison between sensorgrams was carried out by subtracting the responses in the control flow cell. All kinetic parameters were determined by nonlinear regression analysis according to a 1:1 binding model using the BIAevaluation version 3.2 software provided by manufacturer (25) . The dissociation constant K D was calculated using the formula K D ϭ k off /k on , where k off and k on are the dissociation and association rate constants, respectively.
DNA Hydrolyzing Assay by Agarose Gel Electrophoresis-The supercoiled plasmids of M13mp18 and pUC19 used as substrates were purified by a plasmid miniprep kit (Intron Inc., Korea). More than 95% of the isolated plasmid DNAs existed as the supercoiled form, judged by 0.8% agarose gel electrophoresis. DNA hydrolyzing experiments were initi-ated by mixing proteins (scFv (0.06 -0.8 M), Fv (5 M), VH (5 M), and VL (5 M)) with the substrates (2.2 nM) in TBS containing 2 mM MgCl 2 . If necessary, 2 mM MgCl 2 was replaced with 2-10 mM CaCl 2 , 2-10 mM MnCl 2 , or 50 mM EDTA in the buffer, which was specified "Results." In all cases, the total ionic strength was maintained at 150 mM by adjusting NaCl concentrations in the TBS buffer. After reactions were performed at 37°C for 1 or 12 h and then terminated by incubating with trypsin protease (20 g/ml) (Sigma) for 1 h at 37°C, samples were analyzed on 0.8% agarose gels by electrophoresis. The agarose gels were stained with ethidium bromide.
DNA Hydrolyzing Assay by Affinity-linked Oligonucleotide Nuclease Assay (ALONA)-ALONA was performed by following the protocol of Mouratou et al. (22) . As substrates, 5Ј-digoxigenin and 3Ј-biotinlabeled oligodeoxynucleotides, ss-(dT) 40 , ds-(dT:dA) 40 , ss-(dN) 40 , ds-(dN:dNЈ) 40 , ss-(dG-dC) 20 , and ds-(dG-dC:dC-dG) 20 , were used. Briefly, after immobilizing the labeled substrates to the streptavidin-coated microplate and subsequent washing (3 times) with TBST, each protein of 3D8 scFv (0.8 M), Fv (5 M), VH (5 M), and VL (5 M) was incubated for 10 h at 37°C in TBS containing either 2 mM MgCl 2 or 50 mM EDTA. After washing (3 times) with TBS, uncleaved labeled substrates were detected using anti-digoxigenin Fab conjugated to alkaline phosphatase (Hoffman-Roche Inc.) followed by incubation with p-nitrophenyl phosphate substrate and subsequent reading absorbance at 405 nm (22) . As positive controls, bovine pancreatic DNase I (New England Biolabs) and S1 nuclease (New England Biolabs) were used in the buffers provided by the manufacturer.
Protein Crystallization and Structure Determination-The purified 3D8 scFv protein was concentrated to 10 mg/ml in TBS buffer. Initial screening for crystallization with a sparse matrix sampling method (26) was performed at 18°C using a hanging drop vapor-diffusion method by mixing 1 l of the protein with an equal volume of reservoir solution. Hexagonal-shaped crystals were obtained within 3 days in 2 M lithium sulfate and 0.1 M HEPES, pH 7.0, with a maximum dimension of 0.2 ϫ 0.2 ϫ 0.5 mm 3 . Crystals belonged to space group P6 1 22 with unit cell dimensions of a ϭ b ϭ 179.74 Å, c ϭ 184.28 Å, ␣ ϭ ␤ ϭ 90.0°, ␥ ϭ 120.0°, and the asymmetric unit might contain six to two molecules with 40% to more than 80% of solvent content. Before cryocooling, crystals were briefly immersed in the reservoir solution containing 5-10% 2,4-methylpentanediol as a cryoprotectant. Diffraction data were collected at Ϫ173°C at the HFMX4A at the Pohang Light Source (PLS at POSTECH, Korea), processed, merged, and scaled using the HKL2000 package (27) . The phasing problem was solved by the molecular replacement program Phaser-1.3 (28) using the Phage Library-derived scFv Fragment (Protein Data Bank code 1DZB) (29) . The model was built using the program O (30) and refined with the CNS package (31) .
Site-directed Mutagenesis-Oligodeoxynucleotides were synthesized corresponding to the region covering two His residues (His-35 on VH and His-94 on VL in Kabat numbering). Site-specific mutants were generated by the QuikChange site-directed mutagenesis kit (Stratagene) and confirmed by sequencing.
RESULTS

Expression and Purification of the Recombinant
Proteins-Each gene of 3D8 scFv, VH, and VL subcloned into pIg20 vector was expressed well (usually Ͼ0.5-1 mg from l-liter cultures) and purified from bacterial culture supernatants, as described under "Experimental Procedures." When analyzed by reducing SDS-PAGE, the proteins of 3D8 scFv, VH, and VL were migrated as single bands at the expected positions corresponding to each calculated molecular mass, i.e. 28 kDa for scFv, 15 kDa for VH, and 14 kDa for VL (Fig. 1) .
Protein-Protein Interactions-To determine the size distribution of proteins under non-denaturing conditions, the proteins of scFv, VH, and VL were analyzed by SEC. SEC elution profile of each protein showed single peaks that correspond to an apparent molecular mass of each protein, demonstrating that the proteins were monomeric in solution at micromolar concentrations ( Fig. 2A) . When VH and VL (each 5 M) were mixed at the equimolar ratio, they migrated as a single peak corresponding to an apparent molecular mass of ϳ26 kDa, which is close to the sum of molecular mass of VH and VL ( Fig. 2A) . This demonstrated that VH and VL spontaneously assembled to form Fv (VH: VL) in solution by noncovalent interactions.
The association affinity between VH and VL was quantified by SPR techniques at 25°C (Fig. 2B) . When the VH domain was flowed over a VL-immobilized surface chip, the apparent dissociation constant (K D ) FIGURE 1. Reducing SDS-PAGE analysis of the purified 3D8 scFv, VH, and VL Abs. About 2 g of each protein was analyzed on 12% SDS-PAGE, which was stained with Coomassie Blue. The molecular mass markers are indicated in kDa. interactions of 3D8 scFv, VH, and VL were detected up to 50 M concentration by SPR (data not shown), which was in good agreement with the SEC data. DNA Binding Activities-Our previous ELISA result has shown that 3D8 IgG has a DNA binding activity to ds-poly(dT:dA) and ds-poly(dG: dC) (21) . In the present study, we have employed SPR techniques to quantify the interactions of 3D8 scFv, VH, and VL with the various synthetic 40-bp oligodeoxynucleotides, including ss-(dT) 40 , ds-(dT: dA) 40 , ss-(dN) 40 , ds-(dN:dNЈ) 40 , ss-(dG-dC) 20 , and ds-(dG-dC:dCdG) 20 (Table 1) . 3D8 scFv, VH, and VL efficiently bound to all kinds of the substrates in a concentration-dependent manner, regardless of ssand dsDNA forms and their specific sequences (Table 1) (Table 1) , which were within the ranges of those observed for other anti-DNA IgG, Fab, and scFv Abs (3-5, 13, 32) . The binding affinity of 3D8 scFv against the ds form of each sequence was slightly higher than that for the corresponding ss form, mainly because of the slightly faster association kinetics (Table 1) . Compared with 3D8 scFv, 3D8 VH bound less tightly with ϳ100-fold lower affinities for both ds-and ssDNA substrates. Contrary to 3D8 scFv, however, 3D8 VH exhibited slightly higher affinities with ssDNA forms (K D ϭ ϳ2.4 -7.5 M) of each sequence than the corresponding dsDNA forms (K D ϭ ϳ4.7-8.4 M), mainly because of faster association kinetics ( Table 1 ). The affinity of 3D8 VL (K D ϭ ϳ3.2-72 M) for the substrates was ϳ10 3 -and 10-fold lower than those of 3D8 scFv and VH, respectively. Unlikely with 3D8 scFv and VH, 3D8 VL exhibited a preferential binding for ds-(dT:dA) 40 (K D ϭ ϳ3.2 M) over the other substrates. For negative controls, BSA (100 M) and anti-c-Myc 9e10 mAb (100 M) gave no responses when passed over the DNA-immobilized surfaces (data not shown).
Effects of Ionic Strength on DNA Binding Activities-Effects of ionic strengths on the DNA binding activities of the proteins were determined by ELISA as a function of NaCl concentration (0 -0.8 M NaCl) using synthetic ds-(N:NЈ) 40 and ss-(dN) 40 as substrates. Binding capacities of 3D8 scFv to both ds-and ssDNA were not significantly affected by up to 0.2 M NaCl, but decreased by ϳ50% at and above 0.4 M NaCl (Fig. 3) . Compared with 3D8 scFv, binding activities of 3D8 VH and VL for both ds-and ssDNA substrates were much more sensitive to ionic strengths, showing dramatic inhibitions by ϳ60 -90% in the presence of NaCl at concentrations above 0.2 M, except that VL binding to ds-(dN: dNЈ) 40 showed similar magnitudes to that of 3D8 scFv up to 0.4 M NaCl.
DNA Hydrolyzing Activities-Some anti-DNA Abs derived from the sera of human and mice with autoimmune diseases have shown DNase activities to hydrolyze the phosphodiester bond of DNA (14, 15) . Thus we investigated whether or not 3D8 scFv, VH, VL, and Fv (VH:VL) exhibit DNase activities. The supercoiled plasmid of M13mp18 (ϳ2.2 nM) was incubated with the proteins at 37°C for 1 or 12 h in the TBS containing 2 mM MgCl 2 or 50 mM EDTA. Then reaction mixtures were analyzed by electrophoresis on agarose gels, which were stained with ethidium bromide. 3D8 scFv at 0.8 M almost completely hydrolyzed the substrate in the presence of Mg 2ϩ showing the trace of degraded fragments in a 1-h incubation (Fig. 4A) . For the same period, Fv (5 M), VH (5 M), and VL (5 M) showed DNA nicking activities that were monitored by the appearance of linear and relaxed circular forms of the plasmid with a concomitant decrease in the quantity of the supercoiled plasmid DNA. When 3D8 scFv ranging in concentrations from 0.06 to 0.3 M with 0.04 M intervals was incubated with the substrate under the same condition (37°C for 1 h) , 0.1 M 3D8 scFv generated mainly linear and relaxed circular forms of the plasmid without significant degraded, smearing bands (data not shown). Thus 3D8 scFv possessed ϳ50-fold greater catalytic activity with the supercoiled plasmid, compared with Fv, VH, and VL. Prolonged incubation (12 h) of the plasmid with the proteins resulted in further plasmid DNA hydrolysis producing the smear bands below the original size of the plasmid (Fig. 4B ). In the presence of EDTA, all of the proteins did not show any DNA hydrolyzing activities. The same hydrolyzing profiles were observed for all of the proteins when the supercoiled pUC19 plasmid was used as a substrate (data not shown). Substrate Specificities-To determine substrate specificities of the DNase activity, the proteins were incubated with a variety of synthetic 40-bp oligodeoxynucleotides, including ss-(dT) 40 , ds-(dT:dA) 40 , ss-(dN) 40 , ds-(dN:dNЈ) 40 , and ds-(dG-dC:dC-dG) 20 . DNase activity was monitored by ALONA, in which hydrolytic activities of proteins were inversely proportional to the absorbance at 405 nm (22) . For positive controls, bovine pancreatic DNase I and S1 nuclease cleaved all of the substrates with an exception of DNase I, which showed only weak activity for ss-(dT) 40 (Fig. 5) . This observation was in good agreement with the previous result (22) . In contrast to the negative control incubated with the buffer alone, 3D8 scFv, Fv, VH, and VL efficiently cleaved the synthetic DNAs in the presence of Mg 2ϩ (Fig. 5) , with an exception of 3D8 scFv for ss-(dT) 40 , for which it showed only weak activity, like DNase I. The metal-chelating agent EDTA (50 mM) completely inhibited the DNase activities for all of the proteins (data not shown), consistent with the observation for the supercoiled plasmids on agarose gels.
Metal Dependence for the Catalytic Activities-The kind of bivalent metal ions in most DNases is important for the catalytic activities (33).
To determine whether Ca 2ϩ and Mn 2ϩ can replace Mg 2ϩ , 3D8 scFv, VH, and VL were incubated with ss-(dN) 40 and ds-(dN:dNЈ) 40 as substrates at 37°C for 12 h in the TBS containing CaCl 2 (2-10 mM) and MnCl 2 (2-10 mM). Their catalytic activities were monitored by ALONA. Compared with those in the presence of Mg 2ϩ , the catalytic activities of 3D8 scFv, Fv, VH, and VL were about 60 -70% in the presence of Mn 2ϩ in a concentration-independent manner. This behavior is consistent with bovine pancreatic DNase I (33). Unlikely with DNase I (33), however, the catalytic activities of 3D8 scFv, Fv, VH, and VL were not observed at all in the presence of Ca 2ϩ (data not shown). Crystal Structure of 3D8 scFv-We determined the tertiary structure of 3D8 scFv at 2.88-Å resolution with R fac of 21.2% and R free of 24.2% (10% random data set) (Fig. 6A) . The flexible linker of (G 4 S) 3 to connect VH and VL domains could not be traced because of the weak electron density. The refined model showed that only two scFv molecules are located in the asymmetric unit, where the VH domain of one molecule interacts with the VL domain of a neighboring molecule to complete a presumably active scFv molecule (Fig. 6A) . The other free VL and VH domains interact with the respective VH and VL domains of crystallographically related molecules.
To get an insight for the DNA binding and hydrolyzing mechanisms of 3D8 scFv, the elucidated structure was compared with the known complex structures of anti-DNA Fab Abs and ss-(dT) 3 , BV04 -01/ss-(dT) 3 (34) , and DNA-1/ss-(dT) 3 (35) . 3D8 scFv superposed well with the complex structures at the central ␤-sandwich regions, but exhibited large deviations at the hypervariable complementary determining regions (CDRs) with root mean square deviations of 1.7 Å for DNA-1 (Fig. 6B ) and 3.8 Å for BV04-01 (data not shown). In the complex structures, the substrate binding pockets are at the interface of the VH and VL domains, specifically VL-CDR1 and VH-CDR3 for BV04-01/ss-(dT) 3 and VL-CDR3 and VH-CDR3 for DNA-1/ss-(dT) 3 (34, 35) . Careful comparisons of the superposed structures revealed that the putative DNA binding cleft of 3D8 scFv might be more similar to that of DNA-1 than BV04-01 in that the possible DNA base stacking environments of 3D8 scFv were closer to DNA-1, along with the higher sequence homology of 3D8 scFv with DNA-1 (72%) than BV04-01 (49%). The critical base stacking Tyr residues of H100, H100a, L32, and L49 in the DNA-1/ss-(dT) 3 complex were replaced by Tyr residues of H97, H100a, L32, and L49 in the putative DNA binding site of 3D8 scFv (Fig. 6B) . Likewise, two His residues corresponding to H35 on VH-CDR1 and L91 on VL-CDR3 in DNA-1 Fab, located around the potential DNA binding . Substrate specificities of 3D8 scFv, Fv, VH, and VL determined by ALONA. As described in detail under "Experimental Procedures," the DNA hydrolyzing activity was represented by the relative absorbance at 405 nm compared with the just buffer control and was inversely proportional to absorbance at 405 nm. The numbers below each column represent the substrate as follows: 1, ds-(dN:dNЈ) 40 ; 2, ss-(dN) 40 ; 3, ds-(dT: dA) 40 ; 4, ss-(dT) 40 ; 5, ds-(dG-dC:dC-dG) 20 . The proteins of 3D8 scFv (0.8 M), Fv (5 M), VH (5 M), and VL (5 M) were incubated with the substrates for 10 h at 37°C in the TBS, pH 7.5, containing 2 mM MgCl 2 . Reactions for DNase I and S1 nuclease were carried out in the buffers recommended by the manufacturers. The error bars represent the standard deviation for triplicate experiments.
pocket, were also conserved in H35 on VH-CDR1 (His-H35) and L94 on VL-CDR3 (His-L94) in the 3D8 scFv structure (Fig. 6B) .
Site-directed Mutagenesis Studies-His residues frequently constitute the key active sites of many DNases and DNA-abzymes (8, 36) . 3D8 scFv has only two His residues, His-H35 and His-L94. His-L94 was completely exposed toward the solvent region, whereas His-H35 was slightly buried in the interface of VH and VL (Fig. 6A) . To address the possible role of the His residues of 3D8 scFv in catalytic activity, we constructed mutants with His-H35 mutation to Ala (His-H35 3 Ala) (designated as "VH*-VL"), His-L94 mutation to Ala (His-L94 3 Ala) (VH-VL*), and double mutations on both variable domains (VH*-VL*) and investigated their binding and catalytic activities. All of the mutants showed comparable binding activities to the wild type for both ss-(dN) 40 and ds-(dN:dNЈ) 40 substrates (Fig. 7A) . For the catalytic activity, the VH*-VL mutant efficiently degraded the substrate plasmid with comparable activity to that of the wild type, whereas VH-VL* and VH*-VL* mutants exhibited a substantial decrease in the hydrolyzing activities for the same period (Fig. 7B) . Judged from the residual amount of the substrate, the order of hydrolyzing activities of scFv was wild type Ͼ VH*-VL Ͼ VH-VL* Ͼ VH*-VL*, which was also confirmed by ALONA with ss-(dN) 40 and ds-(dN:dNЈ) 40 as substrates (data not shown). In the presence of EDTA, all of the mutants did not show any DNase activities (Fig. 7B) .
Like the scFv mutants, the binding activities of single domain mutants, VH* (His-H35 3 Ala) and VL* (His-L94 3 Ala), were not affected significantly for both ss-(dN) 40 and ds-(dN:dNЈ) 40 substrates (Fig. 8A) . For the catalytic activity, strikingly enough, VH*, VL*, and Fv* (VH*: VL*) efficiently hydrolyzed the substrate in the presence of Mg 2ϩ (Fig.  8B) . Even VL* and Fv* apparently showed faster hydrolyzing activities compared with each wild type in both 1-(data not shown) and 12-h incubations (Fig. 8B) . The presence of EDTA completely inhibited the DNA hydrolyzing activities of VH*, VL*, and Fv* (VH*:VL*).
DISCUSSION
DNA Binding Activities of the Proteins-3D8 scFv bound to both ssand dsDNAs of various sequences with K D values of ϳ17-74 nM. The K D values are within similar ranges of those for other anti-DNA Abs: ϳ76 nM for dC7 scFv binding to ss-(dC) 65 (3); ϳ5-10 nM for DNA-1 Fab binding to ss-(dT) 15 (4) ; ϳ16 nM for Z22 Fab binding to ds-(dG:dC) 30 (13) ; and ϳ18 nM for V-88 IgG binding to ds-(dG:dC) 25 (5) . Single domains of 3D8 VH (K D ϭ ϳ2.4 -8.4 M) and VL (K D ϭ ϳ3.2-72 M) exhibited about ϳ10 2 -and 10 3 -fold lower affinities than those of 3D8 scFv for each ss-and dsDNA substrates (Table 1) , respectively, suggesting that the pairing of VH and VL cooperatively contributed to the high affinity of 3D8 scFv with the substrates. Previously, the dC7 VH domain (K D ϭ ϳ0.7 M) showed about 10-fold lower affinity for ss-(dC) 65 than its scFv form (3), but the Z22 VH domain bound to ss-Z-DNA with similar affinity (K D ϭ ϳ17 nM) to that of the Fab (13). SEC and SPR analyses showed no homomeric interactions of 3D8 scFv, VH, and VL FIGURE 6. Crystal structure of 3D8 scFv. A, two molecules in the asymmetric unit were colored in margenta and cyan, respectively. The aromatic residues at the contacting area and His residues were displayed as stick models. B, comparison of the putative DNA binding regions of 3D8 scFv with DNA-1/dT 3 . In B, the bound deoxynucleotides are represented as stick models and key residues as lines.
FIGURE 7.
Effects of His mutations of 3D8 scFv on DNA binding activities assayed by ELISA (A) and DNA hydrolyzing activities monitored by agarose gel electrophoresis (B). In A, black and white bars designate ds-(dN:dNЈ) 40 and ss-(dN) 40 , respectively. The error bars represent the standard deviation for triplicate experiments. In B, 3D8 scFv wild type (0.8 M) and mutants (0.8 M) were incubated for 12 h at 37°C with the supercoiled plasmid of M13mp18 (ϳ2.2 nM) in the TBS buffer, pH 7.5, containing 2 mM MgCl 2 (indicated as Mg) or 50 mM EDTA (indicated as E). VH*-VL, VH-VL*, and VH*-VL* designate the His-H35 3 Ala mutation on VH-CDR1, His-L94 3 Ala mutation on VL-CDR3, and both mutations in 3D8 scFv, respectively. The arrows indicate supercoiled (sc), linear (lin), and relaxed circular (rc) DNAs. The samples incubated with only buffer alone and molecular mass markers are designated as B and M, respectively. up to 50 M concentrations (Fig. 2) , suggesting that the anti-DNA Abs bind to DNA substrates most likely in the monomeric form. On the other hand, a VH domain spontaneously formed the homodimer, the formation of which was essential for the specific binding to dsDNAs with the CTGC motif (12) .
For anti-DNA Abs, VH domain played a more dominant role in DNA binding activity than VL domains (2, 15, 37) . For example, the VH domain of mAb Z22 (13), dC7 (3), and 2C10 (7) bound to ds-Z-DNA, ss-(dC) 65 , and ds-DNA, respectively, whereas their respective VL domains alone did not bind to the substrates. Thus it has been proposed that VL alone could not bind to DNA, but instead modulates fine specificities and affinities of VH binding to DNA (2, 3, 7, 15, 38) . However, our results demonstrated that 3D8 VL alone bound to ss-and dsDNAs of various sequences. It should be noted here that, to our knowledge, no VL domain alone has been reported to possess DNA binding activity.
Most anti-DNA Abs against either ss-or dsDNA substrates have shown preferential binding to a particular sequence by more than 10-fold affinity over other sequences (3) (4) (5) (6) . However, the substrate recognition patterns of 3D8 scFv, VH, and VL did not exhibit significant preferential bindings to any particular sequences in either ss or ds forms (Table 1) . Exceptionally, 3D8 VL showed about 10-fold higher affinity to ds-(dT:dA) 40 (K D ϭ ϳ3.2 M) over the other substrates tested. With this minor exception, it appears that the binding of 3D8 scFv, VH, and VL to both ss-and dsDNAs are sequence nonspecific. Furthermore, the appearance of smearing bands from the digestions of the supercoiled plasmids by the proteins (Figs. 4, 7B , and 8B), without certain degraded band patterns, also strongly supported that all of the proteins did not have any sequence specificity.
Many positively charged residues of Lys and Arg in CDR regions facilitate for anti-DNA Abs to interact with the phosphate backbone of DNA by compensating the negative charge of DNA molecules (1, 2, 38) .
Similarly, 3D8 scFv (pI ϭ 9.15), VH (pI ϭ 8.80), and VL (pI ϭ 9.12) are basic proteins with many basic residues in the VH-CDRs and VL-CDRs. The binding activities of 3D8 scFv, VH, and VL dramatically decreased in parallel with ionic strength (Fig. 3) , particularly for VH and VL domains, like other anti-DNA Abs (3, 4, 39) . Therefore, the electrostatic interactions between basic residues of the proteins and phosphate backbones of DNA substrates might be a main stabilizing force, which is also supported by the protein bindings to both ss-and dsDNA substrates regardless of their specific sequences (Table 1) . However, even at the highest ionic strength (0.8 M NaCl), 3D8 scFv, VH, and VL showed residual binding activities of ϳ50, 10, and 20% with the substrates (Fig.  3) , respectively. Thus, additional interactions should be provided for the protein bindings to DNA substrates, which might modulate fine substrate recognition and specificity of the proteins. For example, sequence-specific ds-DNA binding Abs (11) and sequence nonspecific anti-ss/ds-DNA binding Abs (39) exhibited salt-independent binding activities. As stated earlier, the superposition of the 3D8 scFv structure with the known complex structure of BV04-01/ss-(dT) 3 and DNA-1/ss-(dT) 3 (34, 35) concluded that the putative DNA-binding environment of 3D8 scFv was much closer to that of DNA-1/ss-(dT) 3 (Fig. 6B) . The complex structure of DNA-1/ss-(dT) 3 showed that the anti-DNA Ab binds the substrate primarily by sandwiching thymine bases between Tyr residues (Fig. 6B) . The 3D8 scFv structure also has many aromatic residues around the putative substrate binding pockets, such as Tyr-H97, Tyr-H100a, and Tyr-H102 from VH-CDR3 and Tyr-L32, Tyr-L49, Trp-L50, Tyr-L92, Tyr-L93, and Tyr-L96 from VL-CDRs, including Tyr residues intriguingly at the exact same position as the DNA-1 structure (Fig. 6B) . The possible base stacking interactions could be attributed to the residual activities of 3D8 scFv, VH, and VL even in the high ionic strength environments.
DNA Hydrolyzing Activities of the Proteins-3D8 scFv, Fv, VH, and VL efficiently hydrolyzed both ss-and dsDNAs without significant preference to a particular sequence, with an exception that 3D8 scFv exhibited poor hydrolyzing activity only for ss-(dT) 40 (Fig. 5) . The proteins also required the divalent metal ion of Mg 2ϩ for their full catalytic activities, like other DNases and DNA-abzymes (8, 14, 15, 17) . Exceptionally, an IgG from human milk exhibited metal-independent DNA hydrolyzing activity (20) .
As stated earlier, SPR and SEC analyses showed no homomeric interactions of 3D8 scFv, VH, and VL up to 50 M (Fig. 2) , suggesting that the catalytic unit of the proteins is most likely the monomeric form, at least in the used protein concentrations (Յ5 M). The crystal structure of 3D8 scFv exhibited two molecules in the asymmetric unit, where the intermolecular pairing of VH and VL formed a putative active scFv molecule and the other VH and VL remained unpaired (Fig. 6A) . Considering no homomeric interactions of 3D8 scFv up to 50 M in solution (Fig. 2) , the observed dimeric state in the crystal structure might be caused by highly concentrated proteins (ϳ350 M) used for crystallization or by the crystallization condition. However, the interface and interaction between VH and VL observed in the crystalline state might be considered to mimic those of a real active monomeric scFv, which was partially supported by our structure-based mutational studies (Fig.  7) . Similar interactions between VH and VL of adjacent molecules in the asymmetric unit were observed in BV04-01 and DNA-1 (34, 35) .
Previous studies of the subunits of IgG and IgA from mice or human, such as Fab, heavy and light chains, have shown that catalytic residues were preferentially positioned in light chains with no detectable catalytic activities on heavy chains, whereas DNA binding active sites were dominantly associated with heavy chains (15, 17, 18, 20, 40) . However, both 3D8 VH and VL showed both DNA binding and hydrolyzing activ- ities. 3D8 VH bound more tightly with ϳ10-fold higher affinities for the substrates than VL, except for only one substrate of ds-(dT:dA) 40 (Table  1 ), suggesting that the DNA binding activity of 3D8 scFv is dominantly associated with its VH. 3D8 VH exhibited comparable hydrolyzing activities for the linear oligodeoxynucleotides (Fig. 5) , but much poor hydrolyzing activities in the kinetic studies with the supercoiled plasmids, compared with those of VL (Figs. 4 and 8) . Taken together, the relative catalytic activities of VH and VL apparently varied depending on whether the substrate was linear or supercoiled forms and did not strictly correlate with their substrate binding affinities (Table 1 and Fig.  5 ). It should be noted here that, to our knowledge, this is the first demonstration for single domain abzymes with DNase activities. For other abzymes, there was only one report of the single domain VL with protease activity (41) .
Structural and mutational studies of many DNases have revealed that DNA cleavage occurs via the acid-base catalytic mechanism for the cleavage of phosphodiester bonds, where two His residues play important roles; one as a proton donor to a water molecule that acts as a nucleophile attacking the phosphate linkage with the help of bivalent metal ions and the other as a proton acceptor from the leaving oxygen anion (36, 42) . 3D8 scFv protein has only two His residues over the full amino acid sequence and they are located at the domain interface in the crystal structure. More specifically, His-H35 of VH-CDR1 is hidden at the deep cleft and His-L94 of VL-CDR3 is exposed to the solvent accessible region without forming any interactions with the other protein residues (Fig. 6A) . The catalytic activities of 3D8 scFv His mutants, i.e. VH*-VL, VH-VL*, and VH*-VL*, were significantly inhibited, but their substrate binding activities were not affected at all, compared with those of 3D8 scFv wild type (Fig. 7) . This result strongly suggests that both residues participated at least partially in the catalytic mechanism of 3D8 scFv. However, the catalytic activity of scFv VH-VL* (His-L94 3 Ala) was much more significantly inhibited than scFv VH*-VL (His-H35 3 Ala) (Fig. 7) , indicating that His-L94 is a key residue for the catalytic mechanism of 3D8 scFv. His-L94 could be rearranged by flipping the VL-CDR3 loop to be located nearer the phosphodiester bond of DNA for the catalysis when a DNA substrate binds to the active site (Fig. 6B) . Similar reorientations of the hypervariable loops of the ligand-free BV04-01 and DNA-1 structures were observed upon DNA binding (34, 35) .
Contrary to 3D8 scFv His mutants, DNA hydrolyzing activities of single domain of 3D8 VH* (His-H35 3 Ala) and VL* (His-L94 3 Ala) were not affected by the mutations (Fig. 8) , indicating that the enzymatic mechanisms of 3D8 VH and VL are different from that of 3D8 scFv. Nonetheless, the His mutants of VH* and VL* showed Mg 2ϩ dependence for the enzymatic activities, suggesting that the metal coordination is an essential constituent for their catalytic mechanism(s), like wild types. Structural information of each protein-DNA complex and subsequent mutational studies will elucidate the detailed catalytic mechanism for each protein.
3D8 scFv showed much higher binding affinities (Table 1) and faster hydrolyzing activities even at ϳ6-fold lower concentrations than the VH and VL (Figs. 4 and 7) , suggesting that both VL and VH may be cooperatively involved in the recognition of the substrates and relevant organization of the catalytic sites in the scFv form. VH and VL spontaneously assembled each other to form Fv with K D values of ϳ14 -24 nM. Previously the VH-VL associations of anti-Z-DNA mAb Z22 exhibited a similar K D value of ϳ54.7 nM measured by SPR (13) . 3D8 Fv showed slightly slower hydrolyzing activities for the supercoiled plasmid (Fig. 4) , but more efficient cleavage over the ss-(dT) 40 (Fig. 5) , compared with 3D8 scFv. Furthermore, contrary to the scFv VH*-VL* mutant, the catalytic activity of Fv* (VH*:VL*) was not inhibited at all by the His mutations (Fig. 8) . These observations suggest that relative orientations of the two domains might be different between Fv and scFv.
In summary, here we have extensively characterized DNA-abzymes, 3D8 scFv, VH, and VL, for their substrate binding kinetics and catalytic activities, including the determination of the crystal structure of 3D8 scFv. Our results showed that 3D8 VH and VL domains alone bound to and hydrolyzed both ss-and dsDNA substrates in the presence of Mg 2ϩ without significant sequence specificities, demonstrating a new source of single domain DNA-abzymes. Subsequent structural and functional studies of the abzymes should provide deep insights into their catalytic mechanisms and pathogenic origins of the autoimmune diseases.
